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ABSTRACT 
A study was made of the phase relations at 1450°C in the 
systems CaO-Fe0-Si02 and Ca0-Fe0-Sio2-1S% MnO, 
in equilibrium 
with metallic iron. The stability region of different phases 
was determined by microscopic examination and electron-beam 
microprobe analysis of the quenched specimens. The effect of 
15% MnO on the liquid saturation boundary of the system 
Ca0-(FeO+MnO)-Si0 2 was discussed in terms of the effect of MnO 
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I. INTRODUCTION 
Molten iron obtained from the blast furnace is actually 
an alloy containing numerous other chemical elements, th
e most common 
of which are carbon, manganese, phosphorus, sulfur and si
licon. 
These elements either have to be removed, or at least red
uced to 
tolerable levels. Steelmaking processes have been devised primarily 
to provide some means whereby controlled amounts of oxyge
n can be 
supplied to molten metal undergoing refining. The oxygen
 combines 
with the unwanted elements and also with some of the iron
, to form 
oxides which dissolve in the slag, or which leave the me
tal bath as 
gases. 
Most steel has traditionally been made using the basic op
en 
hearth process, but with the advent of inexpensive oxygen
, a new 
process called the "Basic Oxygen Process" is acquiring gr
eater 
importance every day. In the BOF process, the chief raw materia
ls 
are hot metal, scrap, lime and oxygen. The quality of st
eel as well 
as the economy of production depends not only on the qua
lity of these 
raw materials but also on their consistency. 
The importance of the role that slag composition plays i
n the 
1 
refining of steel has been known for many years. The BOF s
lag consists 
primarily of lime, silica and iron oxide. However, small
 but perhaps 
significant amounts of manganese oxide (MnO), magnesium oxide (MgO), 
and flourspar (CaF 2 ) are also present. N
umerous studies have shown 
that the slag composition affects the reactions that occ
ur between the 
slag and the metal, as well as between the other phases. 
The slag 
composition is also important in the control of physical
 properties 
like viscosity and surface tension. Since the refining t
ime of a BOF 
heat is very short (less than an hour), the rapid formation of a 
proper slag is very important. 
The manganese content of the hot metal has always been of
 concern 
to steelmakers because of its effect on sulfur and its e
ffect on the 
properties of the slag. Until the advent of the BOF, low
 levels of 
hot metal manganese, while undesirable, could be tolerate
d. The 
manganese content of hot metal for use in the BOF, howev
er, seems to 
2 
be a rather sensitive variable in terms of smooth and predictable 
furnace operation. Steelmakers have recently investigated in some 
detail how the manganese content of the hot metal affects the 
performance of the BOF. Since manganese is oxidized to a fair extent 
into the BOF slag, the amount of manganese oxide in the slag is related
 
to the amount of manganese in the metal. Generally, the manganese 
content in the hot metal may range anywhere from 0.5% Mn to 1.4% Mn. 
The manganese oxide in the slag, though dependant on the manganese 
content of the hot metal, may range as high as 30% MnO during the 
initial period of the blow in some slags to about 8% MnO at the end 
of the blow. 
Specifically the aim of the present work was the following: 
(1) To determine accurately the region of stability of solid 
phases that are in equilibrium with liquid slag and 
metallic iron at 1450°C in the ternary system CaO-Fe0-Si02 . 
(2) To establish the effect of 15% MnO on the above phase 
relations; in particular, the position of the above 
mentioned liquidus curve. 
(3) To correlate the results of the above mentioned 
investigation to actual BOF practice. 
In the present work, 15% MnO in the slag was chosen as the level for 
investigation. This value is close to the average slag composition,
 
and was judged a large enough value to indicate any strong effects of 
lfuO on the phase relations. 
II. REVIEW OF LITERATURE 
When studying the phase equilibria of BOF slags, the system 
lime-iron oxide-silica is often used as a first approximation. The 
effect of other slag-making ingredients can be studied by deter-
mining their effect on phase relations in the above system. In the 
following review, the important binary, ternary and multicomponent 
systems are discussed, and features important to the present work are 
noted. Since the present investigation is confined to slags in 
equilibrium with metallic iron, systems containing iron oxide in 
predominantly the ferric state are not considered. 
The following literature also surveys recent work on the effect 
of manganese in the hot metal on the BOF steelmaking process. Some 
of the studies on manganese in metal and slag are reported in terms 
3 
of the effect of manganese on actual BOF operation, while other 
studies are on a laboratory scale, in terms of the effect of manganese 
on phase relations in slag forming systems of interest. 
A. The System Ca0-Si0 2 
The phase diagram of the system Ca0-Si02 is well known an
d has 
been published by Muan and Osborn. (l) The diagram is shown in Fig. 1. 
The prominent features of this diagram which are pertinent to our 
work are: there is virtually no solid solubility between the end 
members, several compounds have stable existence within the system, and 
several of these compounds occur in different modifications. Lime (CaO) 
is not in equilibrium with liquids within this binary system at steel-
making temperatures due to the formation of the very stable crystalline 
silicate phases 2CaO•Si0 2 (dicalcium silicate) or 3CaO•Si02 
(trical-
cium silicate). Both these silicates have melting points well above 
1450°C, the temperature of this investigation. Two other calcium 
silicates (3Ca0•2Si02 and CaO•Si0 2 ), also have a melting 
point above 
1450°C. 
B. The System Mn0-Si02 
The Mn0-Si02 diagra
m is shown in Fig. 2, as published by Muan 
and Osborn.(l) The system is not truly a binary because of the 
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80 90 
Figure 1. Phase Diagram for the System CaO-Si0 2 , 
from Muan and Osborn. (l) 
Abbreviations: c 3s = 3CaO•Si02 , 
c 2s = zcao·sio 2 , c 3s 2 + 3Ca0•2Sio2 , 




Compositions of condensed phases have been projected along oxygen 
reaction lines onto the MnO-Si0 2 join. Extensive areas of two-liquid 
formation characterize the Si02-rich part of the system
. 
C. The System FeO-MnO 
The system iron oxide-manganese oxide at low oxygen pressures 
has been studied by Fischer and Fleischer, (Z) and is shown in Fig. 3. 
This system is not a true binary, since even in the presence of iron 
+++ +++ 
some Fe and perhaps some Mn is present. The only crystalline 
phase present is a solid solution, manganowusite, between the oxide 
end members FeO-MnO. The liquidus and solidus temperatures increase 
continuously from FeO to MnO. The melting points of FeO and MnO depend 
on the oxygen pressure of the gas phase. The above workers studied 
the system under two different experimental conditions: the iron 
oxide-rich end of the system was studied by equilibrating the samples 
in iron crucibles, while mixtures containing more than 30% MnO were 
studied in MnO crucibles. The atmosphere in both the experiments 
was argon. 
D. The System CaO-FeO 
The system has been studied by various investigators, and a 
(3) 
recent literature survey was presented by Kang. The system is not 
a true binary, since it contains some ferric iron even in equilibrium 
with metallic iron. Muan and Osborn(l) have published this diagram 
based on the studies of previous investigators including Allen and 
Snow. ( 4 ) The diagram is shown in Fig. 4 for conditions of 
equilibrium with metallic iron. 
(5) 1 . d h . lt Obst and Stradtmann have recent y sumrnarlze t elr resu s 
along with previous work, as shown in Fig. 5. A comparison of the 
two diagrams shows certain discrepancies, both in the position of the 
liquidus curve, and the nature of the invariant point where dicalcium 
ferrite, lime, gas and one other solid phase coexists. 
E. The System FeO-Si0 2 
d 1 
. (6) 
The FeO-SiO system has been studied by Bowen an Slalrer. 
Allen and Snow( 4 ~ studied part of the system in a nitrogen atmosphere, 
in iron crucibles. The phase diagram for the system in contact with 
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Figure 2. Phase Diagram for the System 
MnO-Si02 in an Atmosph
ere of 
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Figure 3. Phase Diagram for the System 
FeO-MnO at Low Oxygen Pressures from 



















1600 CaO(ss) + L 
1400 1369 
800 CaO(ss) + C2F 
CoO 10 20 30 40 50 60 70 80 90 uFe0 11 
Wt. 0/o 11 Fe0 11 
Figure 4. Phase Relations in the System CaO-Iron Oxide 
in Equilibrium with Metallic Iron, from Muan 
and Osborn. (l) 
Abbreviations: CaO(ss) = CaO-FeO Solid Solution, 
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Phase Diagram for the System CaO-FeO n 
in Equilibrium with Metallic Iron, from 
Obst and Stradtmann. (S) 
Abbreviations: CaO(ss) = CaO-FeO Solid 
Solution, c 2F = 2CaO•Fe 2o3 ,
 CW = 
Calciowustite, FeO = Total Iron Oxide 
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FeO 10 20 40 so 60 70 eo 90Si02 
WEIGHT (0/o) 
Figure 6. Phase Diagram for the System Iron Oxide-Si02 
in Contact with Metallic Iron, from 
Muan and Osborn. (l) 
Again the system is not truly a binary because of the presence of 
Fe+++ at low silica contents. 
Iyengar and Philbrook(l) have qualitatively constructed the 
ternary phase diagram Fe-Si-0 in the range of temperatures 1200°C to 
10 
1730°C, with emphasis on the iron corner of the diagram. A change in 
the phase boundary of the miscibility gap near the iron corner is 
postulated and they have advanced a hypothesis for finding the 
location of the liquid metal composition which is in equilibrium with 
solid silica and liquid oxide at any temperature. 
F. The System CaO-FeO-MnO 
This system has been studied by Tiberg and Muan(S) at 1100°C, 
Fischer and Fleischer(9 ) at temperatures from 1600°C to 1800°C in lime 
crucibles, and Valla, Grjotheim and Muan(lO) in contact with metallic 
iron at 1150°C and 1300°C in an atmosphere of purified nitrogen. 
Fig. 7 shows a 1450°C diagram inferred from the data of Fischer and 
Fleischer. (9 ) The composition of the saturated solid solution which 
is rich in iron and manganese oxides is shown by the line b-p, and 
the corresponding molten slag on the line i-d. The diagram shows that 
the Mn content of the solid solution along the line x-y is higher as 
indicated by the tie lines than the Mn content of the liquids along 
the line m-i, with which they are in equilibrium. At higher MnO 
contents, the solidus and the liquidus surfaces of the solid solution 
rich in CaO approach each other. 
Fig. 8 shows a 1450°C diagram, inferred from the work of Valla, 
Grjotheim, and Muan. (lO) Their findings as to the position of the 
liquidus boundary curve are in sharp disagreement with that inferred 
by Fischer and Fleischer. (9 ) The liquidus boundary curve of Valla 
et al. (lO) disappears at a much lower temperature (1180°C) than the 
temperature of 1650°C from Fischer and Fleischer.C
9 ) The reason for 
the difference may be that Fischer and Fleischer(
9 ) allowed air to 
come in contact with their melts. Fortunately in the region of most 
interest in the present work (15% MnO), the two 1450°C diagrams are 
nearly the same. 
Gorl, Klages, Scheel and Tromel(ll) observed the effect of 
silica, when added as the fourth component to this system. The 
MnO 
1450° C SECTION 










X m FeO 
Figure 7. The Inferred 1450°C Section of the System CaO-FeO-MnO 
from the Data of Fischer and Fleischer. (g) 
Abbreviations: L = Liquid Oxide. 
MnO 
--Phose 






Figure 8. The Inferred 1450°C Section of the System CaO-FeO-MnO in 
Contact with Metallic Iron, from the Data of Valla, 
Grjotheim, and Muan. (lO) 
12 
13 
boundary curve for liquidus saturated with lime (rn-i in Fig. 7 and 8) 
moved towards the calcium oxide corner. 
G. The System CaO-FeO-Si02 
The system Ca0-Fe0-Si02 has been studied in contact wi
th metallic 
iron by many investigators, and presented as a ternary, even though 
some iron is in the ferric state. The results of these investiga-
tions have been revised and compiled by Osborn and Muan. (l2 ) The 
isothermal section at 1450°C shown in Fig. 9 is inferred from their 
diagram. Compatibility lines are drawn on the diagram, for stable 
phases. The most noteworthy feature is the extensive region of 
stability of dicalcium silicate. For the maximum desulfurization 
and dephosphorization capacity of a BOF slag, it is important to 
obtain homogeneous liquids with the lowest possible silica contents 
which are simultaneously as close as possible to being saturated 
with lime at steelmaking temperatures. 
Fig. 9 as a shaded circle. 
Such an area is shown in 
The boundary curve on the diagram that separates the all liquid 
area from areas where a liquid coexists in equilibrium with either 
C 0 C S C S . . 1 1 . . 1 k" . (l) a , 3 or 2 1s part1cu ar y 1mportant 1n s ag rna 1ng react
1ons. 
The position of this boundary curve is known to be affected by the 
presence of other oxides. (l 3 ) 
k b · · d M . (l 4 ) f. d h F +++ Recent war y T1muc1n an orr1s con 1rme t at e 
exists in the liquid, even in the presence of metallic iron, and 
that the amount of ferric iron generally decreased with increasing 
silica content. The effect of ferric iron on the position of the 
above boundary curve was determined. 
Lee and Gaskell(lS) measured the densities and surface tensions 
of the melts in the Ca0-Fe0-Sio2 system, which gave an
 indication of 
the nature and extent of surface segregation. 
H. Complex Slag Systems Containing MnO 
Many studies have been made on complex steelmaking slags 
(13, 16-22) 
containing four or more components. In addition to lime, 
FeO and silica, such oxides as Fe 2o 3 , MnO, MgO, Al 2o 3 , and
 P 2o 5 were 
in the slags, as well as CaF 2 . The study by Gorl, 
Klages, Scheel and 
Tramel, (ll) on the effect of MnO on the liquidus boundary of the 
- Phose Boundaries 
LIQUID 
Figure 9. The Inferred 1450°C Section of the System 
CaO-FeO-SiO~, from the Data of Osborn 
and Muan. (1 ) 
Abbreviations: CS = CaO•Si0 2 , c3s 2 = 
3Ca0•2sio2 , c2s = 2Cao
•sio2 , c3s = 
3CaO•Sio2 , L = Liquid Oxide. 
14 
15 
system at 1600°C in equilibrium with metallic iron, is of particular 
importance to this work. Fig. 10 shows their diagram at 1600°C for 
a constant MnO content of 15%. This figure is a central projection 
of the 15% MnO section in the system Ca0-FeO-Si0 2-Mno onto the basic 
system CaO-Fe0-Si0 2 . The total content of CaO-F
e0-Si02 in Fig. 10 is 
referred to 100%, instead of using 85% CaO, 85% FeO, 85% Si02 as the 
composition variables. They found the region of 100% liquid to 
increase and the region of tricalcium silicate plus liquid to decrease 
in comparison to the system without MnO. At 1600°C this 3CaO•Si0 2 
region ultimately vanishes with increasing MnO content. 
According to Trentini, (l 3 ) the approximation often made by using 
the composition variables Ca0-Fe0-Sio2 and replacing FeO by the sum
 
of all the oxides other than CaO and Si02 is not a satisfactory way 
to present phase relations. It is also unsatisfactory to consider 
only the three components Ca0-FeO-Si02 and to bring their sum to 100
% 
for a plot on the fundamental diagram. In the absence of a three 
dimensional model, the method of presentation of data in multicomponent 
systems will have to be chosen to suit the purposes for which the 
diagram is intended. 
I. Manganese in Steelmaking Melts 
The distribution of manganese between the molten metal and slag 
under steelmaking conditions is a topic of great interest and 
importance. Apparently manganese is involved in such steelmaking 
problems as skulling, slopping, refractory lining consumption, 
yield losses and spar consumption. The explanation for the observed 
effects of manganese is not clear. 
1. Laboratory Studies of Manganese Distribution 
The following equations show the mechanism of oxidation of 
(23, 24, 25, 26) 
manganese and iron in the BOF process. 
[%Mn] + [%0] = (MnO) 
6F 0 = -58,400 + 25.98 T 
[Fe] + [%0] = (FeO) 





15°/o Mn 0 
CaO 
C2S + L 
LIQUID 
( Wt 0/o) 
Solid 
Solution 
Figure 10. The Central Projection of the System CaO-Fe0-Si02-1S% MnO at 1600°C from Klages et al. (ll) 
The cross hatched lines near the CaO-corner are meant to indicate the existance of a 
CaO-FeO-MnO Solid Solution. Heavy Lines indicate liquid saturation curve. Light lines 
are compatibility joins. 1--' 
0'1 
Combining equations (1) and (2) 
[%Mn] + (FeO) (MnO) + [Fe] 
6F 0 = -29,500 + 13.47 T 
where, 
[%Mn] is the weight percent manganese in the melt; 1% Mn is the 
standard state. 




is the mole fraction wustite in the slag; iron-saturated 
wustite is the standard state. 
is the mole fraction manganese oxide in the slag; pure 
MnO is the standard state. 
17 
(3) 
The equilibrium constant ~n for equation (3), using 'a' as the activ-
ity term can be written as: 
(~nO) [aFe] 
(aFeO) [%Mn] 





In steelmaking slags, the activity coefficient y for both FeO and MnO 
should be about the same. 
Hence: 
(MnO) (6) 
(FeO) [ %Hn] 
The calculation of (MnO)/(FeO) is illustrated as follows: Early in 
the refining period, the manganese content of the hot metal may be 
about 0.8%. At 1400°C, which is generally the temperature soon after 
the start of the blow, 
18 
y~'n = (MnO) 
1·1 (FeO) (0.8) 8.10 
(MnO) = 6 48 (FeO) . ( 7) 
The high value of (MnO)/(FeO) shows that manganese is oxidized 
preferentially to iron. At the end of the blow for low carbon steels, 
the manganese content in the melt is about 0.2% and the temperature is 
around 1600°C. A calculation similar to the above shows: 
(MnO) 
(FeO) (0.2) 3 · 15 
(HnO) 
= 0.63 (8) (FeO) 
The actual ratio of (MnO)/(FeO) in a slag does not approach 
those calculated above, because not enough time is available for the 
equilibrium distribution of Mn between metal and slag. The calcula-
tions do show, however, that Mn in the hot metal is readily oxidized 
into the slag, down to at least 0.2% Mn. 
The lack of equilibrium distribution in the BOF of .Hn between 
the metal and slag was observed by vom Ende et al. (l6 ) They found 
that towards the end of the blow, the iron oxide content of the slag 
rises rapidly as the rate of carbon removal decreases. This should 
cause an increase in the (Mn0)/[%Mn] ratio according to equation (6). 
However because equilibrium is not attained, the manganese oxide 
content of the slag and the ratio (Mn0)/[%Mn] actually falls, as 
slag weight increases due to iron slagging and dissolution of lime. 
Korber and Oelsen(2 l) studied reaction (3) for FeO-MnO slags and 
for such slags saturated with silica. They showed that the oxygen 
content of iron under these slags was determined by the FeO content 
in the slag. Also the MnO-Si0 2 complex in the s
lag is apparently 
stronger than the Fe0-Si0 2 complex, (i.e. the MnO behaves as a 
stronger base than FeO). 
Vom Ende et al. (ll) and Behrens and Kootz( 28 ) observed that 
the oxidation of Mn from the metal increases with increasing FeO 
contents, with constant basicity in Ca0-FeO-Si0 2-MnO slags, and 
decreases with constant FeO and increasing basicity. The manganese 
distribution ratio (Mn0)/(%Mn], with varying iron oxide contents 
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was studied by Gorl, Klages, Scheel and Tromel(ll) at 1600°C and 
their results are shown in Fig. 11. They found that the ratio became 
a maximum on the c2s saturation curve where the a
ctivity of (FeO) is 
the highest (in the region of the c2s-Fe0 join). The ratio then 
decreases up to the point of lime saturation and again increases 
slightly in the region of lime saturated slags with increasing (FeO). 
This behavior is to be expected due to the preferential oxidation of 
manganese as explained earlier, plus information on the aFeO in 
CaO-FeO-Si02 mel
ts. (Z 6 ) 
(29) 
Russell found that MnO in the slag increased the solution 
rate of lime at 1600°C in a synthetic BOP slag. The addition of 
15% MnO to the slag portion increased the dissolution rate of soft 
burnt lime as much as an addition of 6% flourspar (CaF 2 ) to the 
slag. 
According to Pehlke and Klaas, ( 30) the addition of Mn in the form 
of 10% MnO in the slags containing CaO, FeO, and Sio 2 does not
 appear 
to influence markedly the rate of solution of lime in these slags. 
The manganese behaves similarly to iron in diffusing into the lime 
particle. 
Schlitt(Jl) in his thesis speculates about the behavior of MnO 
in BOP slags. He compares various differences between FeO and MnO, 
such as the different Goldschmidt ionic radius (Mn++ = 0.91°A, 
Fe++= 0.83°A) and the greater thermodynamic stability of MnO than 
FeO, with respect to the formation of metal or higher oxides. He 
also compares the similarities of oxides: for example, the formation 
of a complete FeO-MnO solid solution, both in the liquid and solid 
state, the similar viscosities of Mn0-Si0 2 and FeO-Si0 2 and
 the 
behavior of the two oxides as mild bases in the presence of CaO and 
On the basis of these factors, he predicts that FeO and MnO 
in the slag will behave in a similar manner with regard to lime 
dissolution in the slag. However, Schlitt did not take into 
consideration the effect of a greater solubility of MnO in CaO 
than FeO. 
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Figure 11. The (MnO)/[Mn] Ratio with Varying FeO at 1600°C, from Klages et al. (ll) 
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2. Effect of Manganese in BOF Practice 
Itaoka et al. ( 32 ) conducted an operational trial aimed at 
elucidating the effect of manganese in the hot metal on the conduct 
of the BOF process, and their conclusions were: 
(a) There is a relationship between %Mn in the hot metal 
charged, %}fu in the hot metal at the end point, and %Mn in 
the slag. 
(b) The yield drops when the %Mn in the hot metal is either 
high or low. (It should be in the range of 0.55 to 0.85% Mn). 
(c) There is a relationship between the %Mn in the charge 
and the [0] at the end point and the (Fetot) in the slag. The 
[0] and (Fe ) increase as the Mn content in the hot metal charge tot 
is raised. 
These conclusions are for a constant blowing method, irrespec-
tive of the hot metal manganese. Different conclusions would 
probably be obtained if a blowing method best suited to some 
particular manganese content in the hot metal were employed. 
McCarthy and Bock( 33 ) state that they were able to minimize 
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the problems of slopping and low yield that usually occur with the 
use of low Mn hot metal, by having a proper furnace design and slag 
working volume. However the flourspar consumption and lance skulling 
increased. Olson( 34 ) comments that low Mn hot metal is the chief 
contributor to lance skulls. Slag formation is slower with low Mn 
hot metal, which leads to increased yield loss due to sparks until 
proper steel bath coverage is achieved. This in turn requires an 
increase in spar usage which results in slopping and a drop in lining 
life. Diehl and Coe( 35 ) showed that lance skulling decreased with 
increased hot metal manganese. An increase in hot metal Mn up to 0.85% 
increases the yield, but a further increase in Mn over this level 
has a detrimental effect on yield. Hot metal desulfurization was 
observed to increase with higher hot metal Mn content throughout the 
hot metal sulfur range. An increase in lining life and a reduction 
in spar consumption was achieved with an increase in hot metal Mn. 
Zarvin, Nikolaev and Volovich( 36 ) compared two different heats; 
(a) 0.97% Mn, 0.81% Si, and (b) 0.19% Mn, 0.51% Si. After the first 
two minutes of the blow, the MnO content of the slag was found to be 
5.1% in heat (b) as compared to 13.3% in heat (a). At the same time 
the degree of dissolution of lime was 63.3% in heat (b) as against 
72.5% in (a), thus indicating that the heat with a higher Hn content 
has either a higher rate of slag formation or the slag has a greater 
solubility for lime. Heaton( 37 ) and Karpinski( 3S) describe the 
detrimental effects of low Mn hot metal (0.46% Mn) as compared to 
higher hot metal Mn (0.7% Mn). The detrimental effects noted were: 
(a) high hot metal charge 
(b) increased spar usage 
(c) increased lance skulls. 
(39) 
Benyo also observed the same detrimental effects. He points out 
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that the optimum hot metal Mn specification in J & L Cleveland plant 
is 0.6% to 0.9% Mn with emphasis on 0.6% Mn as the minimum. 
Bhattacharia(40) states that the slag basicity increases with the 
increase of Mn content of the hot metal and suggests the use of higher 
Mn hot metal for faster slag formation and better furnace refractory 
life. 
The influence of Mn on the yield and other important parameters 
can be overshadowed by the furnace design and slag working volume 
above the bath, as shown by McCarthy and Bock. (
34 ) This, therefore, 
makes a close shop to shop comparison difficult. However, there is 
general agreement that in comparison to a low ~l hot metal, a Mn 
content from 0.6% to 0.9% results in faster slag formation, low 
skull formation on the lance and a decrease in spar consumption. 
Also increased yield and better lining life is obtained. 
Evidently the role of manganese in BOF steelmaking is quite 
significant. Manganese is readily oxidized from the metal bath to 
the slag, and presumably exerts its effect by modifying the properties 
of the slag. MnO may exert a physical effect (changing the density, 
surface tension or viscosity of the slag), or a chemical effect 
(changing the solubility or mechanism of solution of lime in the 
slag). 
The possibility that MnO changes significantly the phase 
relations in the CaO-Fe0-Si0 2 system was judged to be a good reason 
for exploring the effect of MnO on the phase equilibria of the 
fundamental system Ca0-FeO-Si0 2 in contact with metallic iron. If 
the effect of MnO on the phase diagram is significant and if this 
effect can be used to explain the observed behavior of MnO in actual 
BOF slags, an important step will have been taken in understanding 
the role of impurities in BOF steelmaking. 
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III. EXPERIMENTAL PROCEDURE 
A. Introduction 
The determination of the phase boundaries in the ternary 
Ca0-Fe0-Sio 2 and the quaternary Ca0-Fe0-Sio 2
-1S% MnO system was 
carried out by equilibrating oxide samples in iron crucilbes at 
Because of the presence of iron in both the ferric and 
ferrous state, the systems mentioned above are not strictly ternary 
and quaternary, but for most purposes, such a simplification intra-
duces very little error. Fig. 12 shows the relationship between the 
systems studied. The presence of metallic iron fixes the oxygen 
partial pressure, depending on the aFeO of the sample. Calculations 
made on the basis of the Fe-FeO binary system fixes the range of 
po 2 to about l0
-9 ·5 to 10-l3 atm. 
B. Furnaces and Temperature Control 
Two furnaces were employed throughout this investigation. The 
equilibration of samples was carried out in a silicon carbide 
resistance-type tube furnace capable of reaching 1600°C. An alumina 
tube side arm for gas inlet was attached to the bottom of a vertical 
mullite furnace tube. The top of the tube was sealed by a rubber 
stopper to which was attached a pyrex glass T-tube. One end of the 
T-tube served as the outlet for the gas and the other end, which was 
sealed by a rubber nipple, for lowering the sample in the furnace 
without altering the furnace atmosphere. The bottom of the mullite 
tube was sealed with a rubber stopper which contained a small pyrex 
window. Radiation shields were located above and below the samples. 
A sketch of the apparatus is shown in Fig. 13. 
The temperature of the furnace was controlled by a Barber 
Colman 472 Capacitrol controller with the aid of a Pt/Pt-13% ru1 
thermocouple, which regulated the temperature to within ±2°C· 
The length of the hot zone, where the temperature did not vary by 
more than l°C, was 6 em. 
The second furnace was a Nichrome wound horizontal tube furnace 
used in purifying the nitrogen. A pyrex glass tube, 66 em long and 




Figure 12. Schematic Diagram Showing the Relationship of the 
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furnace. The temperature of this furnace was maintained at 525°C. 
C. Temperature Measurements 
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The actual sample temperature was measured just before the 
beginning and after the end of each run by a Pt/Pt-10% Rh thermocouple. 
This thermocouple was frequently compared to a standard thermocouple 
of the same composition, calibrated by the National Bureau of Standards. 
The temperature measured and controlled as described above was 
accurate to ±5°C. 
D. Atmosphere Control 
The gas admitted to the furnace during equilibration of the 
samples was pure nitrogen. (The po 2 , of course, was fixed by the 
equilibrium between metallic iron and the slag.) Prepurified nitrogen, 
supplied by Matheson, was passed through a tube packed with silica gel 
to remove the moisture, and then over a copper gauze heated to 525°C, 
which served as a getter for oxygen. The last traces of oxygen were 
removed by steel shimstock which hung just below the crucibles. The 
rate of N2 flow was mainta
ined at 20cc per minute. The outgoing gas 
was bubbled through water to maintain a back pressure in the furnace 
of about 20 em H20. 
E. Starting Materials 
All oxides used as starting materials were prepared from analyt-
ical grade reagents, except metallic iron powder, which was GAF 
Carbonyl Iron powder type HP. The method of preparation and drying 
of oxides such as Si02 , MnO, and 
Fe 2o 3 is given i
n Table II in Appendix 
I. The analysis of the starting products is given in Table III of 
Appendix II. 
Calcium ferrites were prepared from a mixture of Caco 3 and 
Fe 2o 3 . Twenty
 gm samples of dicalcium ferrite (41% CaO), and 
dicalcium ferrite plus lime (67.0% CaO), were synthesized by weighing 
the proper amounts of Caco 3 and Fe 2
o 3 , and gri
nding them together for 
at least 20 minutes in a glass mortar under a reagent grade acetone 
to ensure complete mixing. The resulting powders were dried, remixed 
and calcined in an alumina crucible in air at 1000°C for 20 hours. 
They were then cooled in the furnace. The unreacted lime in the 
calcined product was hydrolysed, and the sample was dried and ground 
to -200 mesh in a glass mortar under reagent grade acetone. Each 
sample was remixed and pelletized into 2.5 em diameter pellets and 
heated in a Pt crucible in air to 1300°C for 24 hours. The final 
product of each batch was ground to -200 mesh and analyzed commer-
cially for Fe 2o 3 . 
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Twenty gm samples of dicalcium silicate were synthesized by 
mixing Caco 3 and Si02 in the pro
per ratio by using the same procedures 
and sintering temperature as outlined above. 
F. Crucible Preparation 
The crucibles of AISI Cl010 steel were 7 mm I.D. by 20 mm long, 
with a wall thickness of 0.6 mm. In order to oxidize the manganese 
and carbon from the crucibles, they were annealed in a resistance type 
horizontal tube furnace at 1000°C for 8 hours in an atmosphere of wet 
hydrogen (up to 25% H20). The MnO formed on the surfa
ce was dissolved 
in dilute HCl. 
dried. 
The crucibles were then rinsed in distilled water and 
G. Sample Equilibration 
The composition of the starting compounds prepared is given in 
Appendix II. For the equilibration of a particular sample composition, 
the amount of different starting materials required were calculated 
according to the procedure outlined in Appendix IV. 
The calculated amount of each starting material was weighed in a 
glass vial, using an analytical balance which was accurate to about 
0.2 mg. After weighing, the sample was mixed well with a clean Pt 
wire rounded at one end, and then transferred to the prepared iron 
crucible. During the process of weighing, mixing and transferring 
the sample, the amount of the sample lost was less than 0.5 mg. 
The crucibles contained 700 to 900 mg of material, and were 
crimped at the top to prevent any traces of oxygen in the nitrogen 
atmosphere from reacting with the sample. The crimped top crucible 
was sometimes pushed into another crucible to prevent any leaking 
crucible from contacting the furnace tube. Four different samples 
were hung from the Pt holder by a Pt wire. Steel shimstock, in 
the form of baffles, was hung just above and below the crucibles as 
a radiation shield and to pick up as much oxygen as possible from 
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the nitrogen. 
As soon as the samples were lowered into the cool top of the 
furnace tube, the T-tube was sealed at the rubber nipple, and the 
furnace tube was flushed with a rapid flow of nitrogen gas for about 
5 minutes. The furnace tube was then purged with nitrogen containing 
3% hydrogen for 5 minutes. After this, the hydrogen was turned off 
and the nitrogen flow decreased to 20 cc per minute with a back 
pressure of 20 em H2o. The crucibles were
 then slowly lowered in 
the hot zone and kept there for 10 hours to reach equilibrium. An 
equilibration time of 10 hours was selected after examination of 
samples of the same composition which were held for 3 hours, 5 hours, 
8 hours and 10 hours in the furnace. The samples kept for 8 hours 
and 10 hours showed no difference. After equilibrium was attained, 
the crucibles were quenched in distilled water at room temperature 
by removing the rubber nipple and releasing the Pt wire. The time 
for the sample to quench by this technique was less than a second. 
There was no problem of any solid lime reacting with water as the 
top of the crucibles were crimped. The inside of the crucible after 
quenching was very bright, although the outside was sometimes slightly 
oxidized. 
From the reaction 3 it is expected that some of the MnO in the 
slag will react with the iron crucilbe forming Mn and FeO. However 
this amount is small in the regions of most interest. The (FeO)/(MnO) 
ratio in these regions ranges from 3 to 3.8 on the liquid saturation 
boundary curve, in equilibrium with c2s + liquid, and CaO 
+ liquid. 
ss 
The sample calculation shown below is for a case where the entire 
thickness of the iron crucible contacted by the sample is in 
equilibrium with Mn according to reaction 3. 
(MnO) KMn = (FeO) [%Mn] , at 1450°C, KMn = 6.18. 









as MnO leaves the slag, 
[%Mn] = 0.045. The amount going to the iron crucible is (0.65) (0.045) 
= 0.029 gm Mn = 0.037 gm MnO. For a 1 gm sample the amount of MnO 
remaining in the slag is 0.15 - 0.037 = 0.113 gm or 11.3% MnO. 
The above calculations are for the extreme case of complete satura-
tion of the iron crucible with Mn. A loss of MnO smaller than 
calculated above would be expected for experimental conditions like 
those used in this work. 
H. Examination of Quenched Samples 
In order to identify phases present after quenching, the 
crucibles were opened by cutting the top with an abrasive wheel. 
The opened crucibles containing the quenched samples were then 
mounted in liquid epoxy resin which permeated the pores and cracks 
of the specimens before hardening and greatly facilitated polishing. 
The mounted specimens were ground and polished by standard metallurgi-
cal techniques. The final polishing was carried out with "Linde C" 
abrasive, suspended in reagent grade alcohol. Phase determinations 
were made on the metallograph, using bright field, sensitive tint and 
polarized light to bring out the difference between lime and silicates. 
Sometimes the samples were etched with 3% HCl or 3% NH4Cl solutions. 
The electron beam microprobe was used to differentiate between 
the dicalcium silicate and tricalcium silicate phases. The samples 
were mounted and polished as mentioned above, and the areas to be 
analyzed were marked with a micro-hardness tester. These were then 
coated with a thin layer of gold to make the surface of the oxide 
sample conducting, and counts for Ca and Si were made and compared 
with standard samples prepared earlier. 
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental results of this investigation are reported in 
two forms: tables of the data given in Appendix III, and graphs in 
the following sections. The chemical compositions and phases present 
in the samples after equilibration at 1450°C are also listed in the 
tables in Appendix III. 
A. The System CaO-FeO-Si0 2 
1. Results 
Fig. 14 shows the 1450°C isothermal section, for phases in 
equilibrium with metallic iron as obtained in the present investiga-
tion, and as inferred from published data. (l
2) The composition is 
expressed in terms of weight percent CaO, FeO and Sio2 . The d
ata 
from which Fig. 14 was drawn is given in Table IV of Appendix III. 
Light curves are the boundary lines, separating the single liquid 
phase from the liquid + solid two-phase region. Although a wide 
range of sample compositions were run, only those compositions that 
were situated nearest to the liquid saturation curve are shown in 
Fig. 14. Open circles represent the composition of the samples 
containing all liquid, and black circles represent the composition 
of the samples found to have a small amount of a solid phase. The 
conodes show the region of stability of lime (CaO ), tricalcium ss 
silicate (c 3s) and dicalcium 




The results at 1450°C are compared in Fig. 14 ~ith the inferred 
boundary curve at 1450°C, as drawn from the diagram of Osborn and 
Muan. (l2 ) The c2 s boundary curve in thi
s work extends to a slightly 
higher FeO content in the "nose" region than the inferred curve, but 
is otherwise very similar to the inferred boundary curve. The 
tricalcium silicate boundary curve extends over a slightly narrower 
range than that of the inferred diagram, and to slightly higher FeO 
content. The liquidus composition determined on the binary CaO-FeO 
join is in very good agreement with the value obtained from the 
liquidus curve at 1450°C of Obst and Stradtmann's(S) CaO-FeO diagram 
1450° c 
SECTION 
• L1quid+So lid 
0 Liquid 
LIQUID 
( Wt 0/o) 
Figure 14. The 1450°C Section of the System Ca0-Fe0-Si02. 









(Fig. 5). Their composition is shown in Fig. 14 by an arrow mark. 
Considering the uncertainties in the sample composition in this 
work, and the accuracy with which an inferred 1450°C boundary could 
be drawn, the similarity between the two boundary curves of Fig. 14 
gives good assurance that the experimental method was reliable. 
B. The System CaO-FeO-Si0 2-15% MnO 
1. Results 
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Fig. 15 shows the 1450°C isothermal section in equilibrium with 
metallic iron, for a constant MnO content of 15%. The data on which 
the diagram was based is given in Table V, Appendix III. Light curves 
are the boundary lines separating the liquid phase from the liquid + 
solid phase region. Although a wide range of compositions were run, 
only those compositions that were situated near the liquid saturation 
curve are shown in Fig. 15. Open circles represent the composition 
of the samples containing all liquid, and black circles represent the 
composition of the samples found to have a small amount of a solid 
phase. In the region CaO-a-b of Fig. 15, a CaO-rich solid solution 
(containing MnO and FeO) and liquid exist. The C S-b-c area is the 3 
region of c3s + liquid stabili
ty and the c2s-c-d-e area is
 the region 
of c2s + liquid stab
ility. 
Lime is in equilibrium with liquids containing less than about 
3% Si0 2 , and contains
 a significant amount of MnO and FeO in solid 
solution. The extent of this solid solution was not measured, but 
f bl . h d k (9, 10, 11) . . d b h rom pu 1s e war , 1t was est1mate to e muc more 
extensive in equilibrium with liquids containing 15% MnO than in the 
Ca0-FeO-Si0 2 system. The 
importance of this lime solid solution 
is discussed later. 
By fixing the MnO content at 15% in all samples, the ratio 
(FeO)/(MnO) in the sample has a value that may vary from 0 to 5.67. 
Along the 1450°C liquid saturation boundary curve, these values 
actually range from 0 to 3.85, and have been noted on Fig. 15 as 
small numbers. Another way of depicting the variation of the (FeO)/ 
(MnO) ratio along the liquid saturation boundary is shown in Fig. 16. 
Here the (FeO)/(MnO) ratio first decreases at very low silica 
contents, in the CaO region. ss 
The ratio is constant in the c3s 
region. In the c2s regio















Figure 15. The 1450°C Section of the System Ca0-Fe0-S
io2-1S%
 MnO. The cross hatched lines near 
the CaO-corner are meant to indicate the existance of 
a CaO-FeO-MnO Solid Solution. 
The numbers on the liquid saturation curve refer to (FeO)/(MnO) ra
tios. 
Abbreviations: c2s = 2CaO•Si02, c3s = 3CaO
•Si02, CaO
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Figure 16. The Effect of Sio2 on the 
(FeO)/(MnO) Ratio, 
for Liquids along the Liquid Saturation 
Boundary. 
Abbreviations: CaO = CaO Solid Solution, ss 
c 3s = 3cao•sio2 ,
 c 2s = 2c
ao•sio2 . 
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increases with increasing silica contents (up to 7% Sio 2). With 
still further increase in silica contents, the ratio decreases 
until it approaches zero near the Ca0-Sio 2 join. The shape of t
he 
curve in Fig. 16 depends, of course, on the relationship between
 
the content of FeO and Sio 2 along th
e boundary curve. 
2. Discussion 
The system CaO-FeO-Si0 2-15% MnO in
 the presence of metallic 
iron is a part of the quaternary system Ca0-Fe0-Si0 2-Mn
0 but for 
the purpose of discussion, this must be represented in a form 
such that a comparison can be made with the ternary system 
CaO-FeO-Si0 2 . 
The curves in Fig. 15 can be replotted in different ways, 
but the most common ways are a central projection of the 15% MnO 
isothermal section, or a diagram which considers MnO and FeO 
together and expresses the results as CaO-(FeO + Mn0)-Sio2 . As 
mentioned earlier, the former way (central projection) does not 
seem to be justified since the characteristics of CaO, FeO, Sio 2 
and MnO are quite different from each other. 
In the discussion to follow we have considered MnO to act most 
like FeO in BOF slags, so the composition variables are CaO, (FeO + 
MnO), and Sio2 . On this basis Figs. 1
7, 18 and 19 were drawn to 
interpret the data earlier shown as Figs. 14 and 15. Fig. 17 
shows the 1450°C isothermal section CaO-FeO-Si0 2-15% MnO 
plotted 
as CaO-(FeO + 15% Mn0)-Sio 2 , together with a plot of 
our data 
for 0% MnO. A sample calculation is shown in Appendix IV for 
converting data to make a plot like Fig. 17. This type of plot
 
permits a good comparison to be made of the effect of MnO on th
e 
liquid saturation curve of Ca0-Fe0-Si0 2 system, 
at least for silica 
content less than about 35%. The liquid saturation curves for 0
% 
and 15% MnO almost coincide in the c2s + liqu
id region. However, 
the c3s + liq
uid region is narrower for 15% HnO as compared to the 
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curve without MnO. The greatest change is for liquids in e
quilibrium 
with CaO which have a significantly lower CaO content for 15% 
ss 
MnO than for liquids without MnO. 
1450° c -No MnO 
--- 15 °/o MnO 
SECTION LIQUID .wu Solid 
Solution 
CaO (Wf.0/o) 
Figure 17. The 1450°C Section of the System Ca0-FeO-Si02-15% MnO, P
lotted as CaO-(FeO + 15% MnO)-Si02. 
The cross-hatched lines near the CaO-corner are meant to indicate the 
existance of a 
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Figure 18. The Effect of (%Fe0 + %Mn0) on the "V" Ratio for Liquids along the Liquid 
Saturation Boundary. 
Abbreviations: c2s = 2CaO•Si02, c3s = 3C
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Figure 19. The Effect of %Ca0 on the "V" Ratio fo
r Liquids along the Liquid Saturation Boundary. 
Abbreviations: c2s ~ 2CaO•Si02 , c3s = 3CaO•Si02, C
a0
88 
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Fig. 18 shows a plot of slag basicity, expressed as the "V" 
ratio* of liquids along the liquid saturation curve, against %Fe0 
in the ternary (solid line) and against %Fe0 + %Mn0 (dotted line) 
in the quaternary. Fig. 19 is a similar plot of the above "V" 
ratio, this time plotted vs. %Ca0 in these liquids. Again one curve 
is for liquids containing 15% MnO and the other for 0% MnO. The 
three figures 17, 18 and 19 clearly show that at 1450°C HnO behaves 
very much like "FeO" in its effect on the basicity of liquids along 
the dicalcium silicate saturation boundary curve. A significant 
difference is noted between the 15% MnO curve and the 0% MnO curve 
for liquids saturated with lime. 
Such factors as the basicity or the iron oxide content of a 
multicomponent slag are useful in describing the situation only in (11) 
certain limited regions, as has been pointed out. The effect 
of MnO can thus be best understood by examining these factors in 
combination with the phase diagrams presented earlier. Of course, 
the data may be expressed in terms of other than the above mentioned 
factors, depending on the intended use. When MnO is treated as FeO, 
the above results at 1450°C showed that the main effect of MnO in 
BOF slags was found on the position of the liquid saturation curve 
in the CaO region. 
ss 
In order to see if this effect holds for 
higher temperatures, a comparison was made of published data at 
1600°C, on the same basis as in Fig. 17. The 15% MnO liquid 
saturation curve as obtained by Klages et al. (ll) at 1600°C is 
replotted in Fig. 20 for the composition variables of CaO-
(FeO + 15% MnO)-Si02 , and compared with the similar 
1600°C curve 
for 0% HnO, inferred from Osborn and Muan. 
(12) In the c2s + liquid 
region the two curves for liquid saturation are very close to each 
other. The region of c3s + liquid ha
s disappeared and there is a 
significant shift of the CaO boundary curve to lower CaO values. 
This confirms that the effect of 15% MnO in BOF slags is to be 
* 
The ratio of wt.% CaO to wt.% Sio 2 is here d
efined as the 
"V" ratio. ( 24 ) It is sometimes defined as (%CaO)/(%Si0 2 + 
P 2o 5), (
23
• 























Figure 20. The 1600°C Section of the System Ca0-FeO-Si0 2-lS% MnO, from 
Klages et al., (ll) Replotted 
as CaO-(FeO + 15% MnO)-Si0 2. The cross-hatched lines near the GaO-corner
 are meant to 




found mostly in the liquidus boundary for the lime solid solutio
n + liq. 
region. The opposite conclusions drawn by Klages et al. (ll) seem 
to be caused by their use of a central projection to plot their 
data. 
C. Lime Dissolution in Slags Containing MnO 
It has been pointed out earlier that MnO in the slag has a 
definite effect on BOF steelmaking. It seems worthwhile to use 
the 
data obtained in the present work, and other published phase 
equilibrium studies, to explore any hypothesis that might offer 
an 
explanation for the effect of MnO. (3) 
The lime dissolution mechanism put forth by Kang, based on 
his data for CaD-rich CaO-FeO solid solutions, was in accord wit
h the 
observations made on lumps of lime taken from BOF slags. Accord
ing 
to this hypothesis, there exists next to the lime a layer of CaO
 , 
ss 
saturated with FeO. This CaO forms a liquid as the temperatur
e is 
ss 
raised and this liquid weakens the c2s-lime b
ond. Hence any situation 
that would increase the solid solution of FeO (or other oxides) in 
CaO, should enhance the above lime dissolution process if and on
ly if 
the amount held in solid solution decreases with increasing temp
era-
ture. 
Based on published work, the following table was prepared: 
Table I 
Composition of CaO in Equilibrium with Different Liquids ss 
Temperature 
In Equilibrium with 
CaO-FeO liquids( 4 •5 ) 
In Equilibrium with CaO-FeO-MnO 
liquids( 9 , lO) containing 15% 
% CaO % FeO 
94 to 91 6 to 9 












The values in the Table I will vary somewhat depending on whose data is 
used and how the interpolation is made, but the variation is too small 
to affect the conclusions drawn below. The effect of 2 to 3% Sio 2 
in 
the slag should be nearly equal for the 0% MnO and 15% MnO data. 
Table I shows quite clearly that the presence of 15% MnO in the 
liquid results in the dissolution of 20 to 30% MnO in the solid lime. 
The presence of MnO in the solid lime in turn causes a large increase 
in the solubility of FeO in the lime. Table I also shows that the 
amount of liquid that would be formed in taking a 1400°C-saturated 
CaO-FeO-MnO solid solution to 1600°C is much more than for taking a 
1400°C-saturated CaO-FeO solid solution to 1600°C. Unfortunately 
the uncertainty in the solubility limits for the lime-rich solid 
solutions at 1400°C and 1600°C do not permit a quantitative 
calculation of the amount of liquid formed. However, the data in 
Table I are in qulaitative agreement with Kang's(
3 ) hypothesis, 
and serve to further confirm it. 
According to this hypothesis, the main effect of MnO in the slag 
would be to influence strongly the extent and nature of the CaO-rich 
solid solutions that form on the outside of lumps of lime, either 
under or next to the c2s shell. The f
ormation of an extensive 
solid solution of FeO and MnO in CaO is confirmed by the shift in 
the CaO -liquid saturation boundary with 15% HnO (Fig. 17) to lower 
ss 
values of %Ca0, as compared to the boundary with no MnO. The shift 
in this boundary is even more noticeable at 1600°C, as shown in 
Fig. 20. This shift would be expected, since the FeO and MnO would 
lower the activity of CaO and thus lower the solubility of CaO in 
the liquid. In essence, MnO in the slag appears to exert its effect 
on the slagmaking reactions by modifying and extending the CaO-rich 
solid solutions that form as an intermediate step in the dissolution 
of lime. 
The absence of any appreciable shift of the c2s liquid 
saturation boundary in presence of MnO indicates that the stability 
of c2s is not signi
ficantly affected by HnO in the slag. Therefore 
the effect of MnO cannot be explained in terms of a change in the 
c2s + liquid regi
on, or a change in the c2s stability. 
The decrease and disappearance of the c3s + 
liquid region, as 
the MnO content of the liquid increases(ll) is accounted for by the 
following equation: 
+ CaO 
The activity of CaO is lowered in CaO with increasing MnO and FeO ss 
contents, which are in turn related to the %Mn0 in the liquid. 
Below some equilibrium aCaO in the CaOss (which cannot be calculated 
because of a lack of accurate data on the 6F
0 of formation of c2s
 
and c3s), c3s will disappear as a stable phase in equilibrium with 
CaO , and c2s and CaO will t
hen coexist as stable phases. The 
ss ss 
disappearance of c3s as a sta
ble phase at 1600°C was noted by 
Klages et al. (ll) to occur at about 11% MnO in the slag. 
It should be noted that MnO may still exert an effect on the 
viscosity or surface tension of the BOF slags, which in turn may 
affect the slagmaking reactions. However, the solid solution 
hypothesis explained earlier is in agreement with all known observa-
tions in both the laboratory and in practice. 
D. Suggestions for Further Study 
Based on this study and other published work, a suggested 
explanation for the effect of MnO in BOF slags was put forth. This 
hypothesis should be tested by further studies. 
(1) The rate of lime solution, and the extent of FeO and MnO 
solid solubility in the dissolving lime should be measured 
in an increasing temperature test, in contact with liquids 
containing 0% and 15% MnO. 
(2) A comparative study should be made of the effect of MnO and 
CaF2 on the s
urface tension and viscosity of lime-saturated 
BOF-type slags. 
(3) The separate effect of CaF2 and MgO on the liquid satura-
tion boundary in the system Ca0-FeO-Si0 2 should be studied
 
and compared with that of MnO, in order to give a clearer 
understanding of the role of impurities on the dissolution 
of lime in BOF slags. 
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V. SUMMARY AND CONCLUSIONS 
The object of this study was to investigate the effect of 
15% manganese oxide on the liquid saturation boundary curve in 
the system CaO-FeO-Si0 2 in equilibrium with metall
ic iron at 
1450°C. The experimental procedure was to equilibrate the oxides 
in a metallic iron crucible in an atmosphere of pure nitrogen. The 
samples were then quenched to room temperature and examined to 
determine phases present. 
Isothermal (1450°C) phase diagrams were constructed for part 
of the ternary Ca0-FeO-Si0 2 system and for p
art of the 15% MnO 
section of the quaternary system. These phase diagrams show that 
15% MnO has little effect on the liquid saturation boundary curve 
in the c2s region of the system Ca0
-Fe0-Sio 2 system. 
The main effect of 15% MnO was to shift the GaO -liquid ss 
saturation curve to lower values of %GaO as compared to the same 
boundary with no MnO. This confirmed the formation of extensive 
solid solution of FeO and MnO in GaO. This solid solution 
formation was used to propose a mechanism for lime dissolution in 
the presence of MnO in BOF-type slags. 
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APPENDIX I 
SUMMARY OF STARTING MATERIAL PREPARATION 
The method for preparation of oxides from Fischer Certified 
analytical grade reagents and Malinkrodt analytical grade reagents 
is summarized in Table II. 
Table II Starting Material Preparation 
Oxide Method of Preparation 
MnO Manganese oxide was obtained by the thermal decomposition 
of Malinkrodt analytical grade reagent Mnco 3 , in an 
Armco iron crucible, at 900°C for 3 hours in an atmosphere 
of (commercial purity) hydrogen. The MnO was cooled 
slowly in the same atmosphere and then ground to -200 
mesh. 
Silica was prepared by dehydrating reagent grade 
precipated silicic acid of 99.97% min. purity in a 
platinum dish at 1300°C for 24 hours. The product 
was tridymite, and was ground to -200 mesh. 
Hematite was dried at 700°C for 12 hours in an alumina 
crucible. The product was ground to -100 mesh. 
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APPENDIX II 
ANALYSIS OF STARTING PRODUCTS 
Table III summarizes the analysis of the starting products. 
Table III Analysis of the Starting Products 
(1) Dicalcium Silicate (2CaO•Si0 2 ). Composition based on 
weight of ingredients: 65.1% CaO, 34.9% Sio 2 . 
(2) Dicalcium Ferrite (2CaO•Fe 2o 3). Composition based on 
chemical analysis performed commercially: 41.0% CaO, 
59.0% Fe2o3 . 
(3) Dicalcium Ferrite plus lime. Composition based on 
chemical analysis performed commercially: 66.9% CaO, 
(4) Fe 2o 3 . Purity based on label analysis: 99.95%. 
(5) Sio 2 . Purity based on label analysis: 99.97%. 
(6) MnO. Purity based on label analysis: 99.95%. 
(7) Fe. Purity based on label analysis: 99.50%. 
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APPENDIX III 
SUMMARY OF RESULTS OBTAINED IN QUENCHING EXPERIMENTS 
The results of microscopic examinations and electron-beam 
microprobe analysis of the quenched samples in the Ca0-Fe0-Sio 2 
system at 1450°C are presented in Table IV. The results of 
similar data for the system Ca0-Fe0-Sio2-15% MnO are contained 
in Table V. 



































Summary of Results Obtained in Quenching 





Composition of Samples Phase(s) in Equilibrium 
(wt. %) with Metallic Iron 
CaO FeO Sio2 
35.8 64.2 Liq. + CaO ss 
34.0 66.0 Liq. 
33.0 66.0 1.0 Liq. 
40.0 57.0 3.0 Liq. + CaO ss 
38.6 58.0 3.4 Liq. 
39.0 57.0 4.0 Liq. + c3s 
28.3 67.7 4.0 Liq. 
34.0 62.0 4.0 Liq. 
36.8 58.8 4.4 Liq. 
35.0 60.0 5.0 Liq. + c2s 
24.0 71.0 5.0 Liq. + c2s 
27.7 66.3 6.0 Liq. + c2s 
31.0 63.0 6.0 Liq. + c2s 
22.0 72.0 6.0 Liq. + c2s 
17.4 74.4 8.2 Liq. 
18.4 73.4 8.2 Liq. 
26.0 59.0 15.0 Liq. + c2s 
24.0 61.0 15.0 Liq. 
31.0 46.0 23.0 Liq. 
32.0 47.0 21.0 Liq. + c2s 
42.0 26.0 32.0 Liq. 
54.0 10.0 36.0 Liq. + c2s 
43.0 27.0 30.0 Liq. + c2s 























Summary of Results Obtained in Quenching 





Composition of Samples Phase(s) in Equilibrium 
No. (wt. %) with Metallic Iron 
CaO FeO Si02 MnO 
32.5 52.5 15 Liq. 
34.0 51.0 15 Liq. + CaO ss 
34.0 47.0 4.0 15 Liq. 
35.0 46.0 4.0 15 Liq. + CaO ss 
32.5 48.0 4.5 15 Liq. 
25.0 55.0 5.0 15 Liq. 
30.0 50.0 5.0 15 Liq. 
34.0 46.0 5.0 15 Liq. + c3 s 
24.5 54.5 6.0 15 Liq. + c2s 
32.0 47.0 6.0 15 Liq. + c2s 
19.0 59.0 7.0 15 Liq. 
21.0 57.0 7.0 15 Liq. + c2s 
24.0 48.0 13.0 15 Liq. + c2s(trace) 
22.0 50.0 13.0 15 Liq. 
27.5 39.5 18.0 15 Liq. + c2s(trace) 
28.0 40.0 17.0 15 Liq. + c2s 
34.5 23.5 2 7. 0 15 Liq. 
35.0 24.0 26.0 15 Liq. + c2s 
44.0 8.0 33.0 15 Liq. 
45.0 9.0 31.0 15 Liq. + c2s 
APPENDIX IV 
SAMPLE CALCULATIONS 
A. Calculations on Sample Composition 
The starting products were mixed in such proportions as to 
yield the desired composition after equilibration at 1450°C in a 
nitrogen atmosphere. The analysis and the synthesis of the starting 
products are given in Appendix II. A sample calculation for a one 
gm sample, to contain 59.0% FeO, 19.0% CaO, 7.0% Sio2 , and 15% MnO 
is shown below: 
(1) to get 0.19 gm CaO from c2F: 
0.1900 0.4634 gm c2F 0.4100 
FeO from the Fe 2o 3 in the c2F: 
(0.4634) (0. 7963) 0.3690 
Fe required for conversion of the above Fe 2o 3 to FeO: 
(0.4634) (0.2063) 0.0956 gm Fe 
Additional FeO required 0.5900- 0.3690 0.2210 gm 
(2) to get 0.2210 gm FeO from Fe 2o 3 : 
(0.2110) (0. 7409) 
Fe for conversion of Fe 2o 3 to FeO: 
(0.2210) (0.2591) 0.0573 gm Fe 
(3) 0.0700 gm Si02 
(4) 0.1500 gm MnO 
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Total quantities of starting materials required: 
c2F 0.4634 gm 
Fe 2o3 0.1637 gm 
MnO 0.1500 gm 
Si02 0.0700 gm 
Fe* (0.0956 + 0.0573) 0.1529 gm 
Total 1.0000 gm 
B. Conversion of CaO-FeO-Si0 2-15% MnO Data to 
CaO-(FeO + 15% Mn0)-Sio 2 
Data 
In order to interpret the results of CaO-FeO-Si02-1
5% MnO, 
the technique used in this study is to consider MnO and FeO 
together, so that the results may be plotted as a ternary 
CaO-(FeO + 15% Mn0)-Sio2 diagram. A sample calculatio
n for this 
is shown below: 
Initial composition 
Ca0-Fe0-Si0 2-MnO 
a b c d 
25 55 5 15 
Interpreted composition 
CaO-Si0 2-(FeO + 15% MnO) 
a c b + d 
25 5 70 
* All the Fe added does not react with the sample, since 
iron from the crucible is also available for the reaction. 
